ABSTRACT. We studied the acinar distribution for uptake of the bile acid analogue ['251]-cholylglycyltyrosine in livers from adult and 14-day-old suckling rats. Portal and peripheral (systemic) serum bile acid concentrations were also measured by combined gas chromatography-mass spectrometry as an independent index of hepatic bile acid clearance from portal blood. Utilizing light microscopic autoradiography, a steep, decreasing portal to centrilobular gradient for cl~olylglycyltyrosine uptake was noted in adult rat liver. In contrast, there was no lobular gradient for cholylglycyltyrosine uptake visible in the 14-day-rat liver; all hepatocytes within the acinus contained a similar number of silver grains. Portal vein total bile acid concentrations were significantly higher in serum of adult compared to 14-day-old rats. In contrast, bile acid concentrations were 10-fold higher in the peripheral serum of developing versus adult rats. The peripheral to portal serum bile acid concentration ratio was 0.23 in the adult and 6.48 in the 14-day-old rat. We conclude that the entire hepatic lobule participates in the uptake of bile acids in the 14-day-old rat even under the basal conditions of this study. The normal "reserve" function of centrilobular hepatocytes is not sufficient to compensate for the decreased transport capacity of the developing liver with the result that increased concentrations of bile acids enter and accumulate in the systemic circulation. (Pediatr Res 21: 417-421, 1987)
biliary excretion of labeled taurocholate occurs at a much slower rate in suckling compared to adult rats (8) . Recent studies utilizing hepatocytes and basolateral liver plasma membrane vesicles prepared from developing rats have shown that bile acid uptake is markedly decreased probably as a result of fewer functional bile acid carriers on the sinusoidal membrane of the hepatocyte (9, 10) . These findings led us to the hypothesis that the low transport capacity of the developing liver for bile acids might well result in an acinar distribution for bile acid uptake which differed from the adult. Therefore we utilized light microscope autoradiography to study the acinar distribution for uptake of the bile acid analogue, CGT, in livers from adult and 14-dayold rats following portal vein injection of the isotope. We also determined serum bile acid concentrations in peripheral and portal vein serum from both age groups as a measure of hepatic bile acid clearance.
MATERIALS AND METHODS

Animals. Adult male Sprague-Dawley rats, weighing 150-200
g, and 14-day-old rats with their dams, obtained from the Charles River Breeding Laboratories (Wilmington, MA), were housed in a temperature-controlled room at 22" C with 12-h light-dark cvcles. Adult rats were maintained on Purina Rat Chow and \;rater ad libitum; pups were suckled by their dams. Animals were studied between 0800 and 0900h in the fed state.
Tracer. CGT was prepared as previously described (1 1) and was then iodinated by the chloramine-T method to a' specific activity of 475 pCi/pg. Hepatic transport properties of this compound have previously been reported (1 1). In brief, uptake of A primary cellular event in bile formation involves the satu-CGT by isolated hepatocytes was Na+-dependent, rate constants rable, Na+-dependent uptake of bile acids from portal blood at for its uptake were similar to native conjugated bile acids, and the basolateral (sinusoidal) membrane of the hepatocyte (1). In the tracer could be quantitatively recovered intact in bile over a the mature liver, the uptake process is normally so efficient that time course similar to that of [14Cl-chol~lglycine ( 1 1). CGT is 85-90% of the conjugated bile acids are removed from portal cross-linked to cellular protein during glutaraldehyde fixation blood during a single pass through the sinusoids (2). Several and therefore may be utilized for autoradiography. studies have directly shown by light microscope autoradiography Light microscope autoradiography. Adult and suckling rats that there is a steep, decreasing portal to centrilobular gradient underwent laparotomy under pentobarbital sodium anesthesia for bile acid uptake in adult rat liver (3, 4) . Such an acinar (5 mg/kgintraperitoneally).
[1251]-CGT(40pCi/100 body weight) distribution for uptake is possible only with solutes that are very was injected into the portal vein with a 27-gauge needle over 15 avidly extracted from portal blood.
s (three animals used at each age). Thirty s after injection of the tracer a portion of the right medium lobe of the liver was quickly Light microscope autoradiography was performed using 1-mm thick sections of Epon-embedded specimens affixed to glass slides and coated under an appropriate safelight with Kodak NTB-2 emulsion (1 1). After exposure (10 days) they were developed using a D-19 developer, stained using toluidine blue, and cover slipped for viewing using dark field and bright field light micros-COPY.
Only sections showing a clearly defined terminal portal triad (less than 40 pm in diameter) and central vein ("classical lobule") were utilized for further study. A typical section from three adult and three suckling rat liver preparations was used for quantitation of grains according to a modification of the method of Jones el al. (3) . A grid square overlay was placed over light photomicrographs so that the grid squares lined up between the limiting plate of the portal triad and the central vein wall. The lobule was subdivided into four quarters from portal to central regions and the number of grains within each quarter was counted by punching a hole in each grain on the photomicrograph with a pin.
Determination of serum bile acid concentrations in rat plasma.
One ml of blood was obtained from a peripheral (systemic) venous site and 0.5 ml from the portal vein of adult male rats. Similar volumes were obtained by pooling blood samples from 14-day littermates. However portal vein phlebotomy was limited to a volume of 50-100 p1 from each suckling animal to minimize contamination of portal venous blood with systemic blood. Serum bile acids were identified and quantified by combined capillary column gas chromatography-mass spectrometry after their isolation by liquid-solid and liquid-gel chromatography. These techniques have been described in detail elsewhere (14) .
Statistical analysis. Serum bile acid concentrations in adult and suckling rats were compared using Student's t test.
RESULTS
The autoradiographic demonstration of ['251]/CGT distribution within the hepatic acinus of the adult rat 30 s after injection of tracer is shown in Figure IA using dark field illumination. The same field (Fig. IB) shows the lobular detail under bright field illumination. There was a steep, decreasing portal (zone 1 of the acinus) to centrilobular (zone 3) gradient for the uptake of CGT. Approximately 40% of grains fell within the quarter of the lobule adjacent to the portal triad (Fig. 2) . In contrast, the quarter segment closest to the central vein contained only 10% of the total number of silver grains. Figure 3 illustrates the acinar distribution of CGT in the liver of the 14-day-old rat. There was no lobular gradient for the uptake of the isotope. The entire lobule appeared to be uniformly labeled; grain quantitation (Fig. 4) showed that approximately 25% of the grains were located within each quarter of the lobule.
Total bile acid concentrations were measured by combined gas chromatography-mass spectrometry in peripheral (systemic) and portal blood of 14-day-old and adult rats ( Table I) Analysis of serum by combined gas chromatography-mass spectrometry revealed that cholic acid and its conjugates were the predominant bile acids in both peripheral and portal blood of the adult and 2-wk-old rat (Table 2 ). In contrast to the human, BILE ACID UPTAKE BY DEVELOPING LIVER 4 19 significant quantities of murocholic acid isomers (approximately 20-40% of the total) were detected in serum at each age.
DISCUSSION
The smallest microcirculatory unit of the liver, the acinus, is the site of solute exchange between portal blood and the hepatocytes (15) . The liver acinus should be considered a threedimensional structure with blood flowing radially from the smallest (terminal) branches of the portal vein and hepatic artery into the sinusoids before draining into the terminal hepatic venules (15) . Flow is unidirectional from an arbitrarily defined zone 1 nearest the portal structures, though an intermediate zone 2, and finally to zone 3, the periphery of the microvascular unit nearest the terminal hepatic venule (15) . A gradient for solute uptake (portal to central) within the acinus could result from liver cell heterogeneity within the acinus, e.g. a greater number of solute carriers on the sinusoidal membrane of the hepatocytes in zone 1 compared to zone 3. Alternatively, such a gradient may merely reflect a progressive decrease in the concentration of solute and thus a decrease in the amount available for uptake as blood flows sequentially through the sinusoids. Recent morphometric studies indicate that the surface to volume ratio of zone 1 sinusoids is significantly larger than that of zone 3 (16). This sinusoidal geometry would thus favor greater solute-plasma membrane interaction and possibly enhanced uptake in zone 1 of the liver acinus.
Evidence for an acinar gradient for bile acid transport in adult rat liver has been suggested by studies in which bile acid clearance and bile secretion were measured following damage to zone 1 or zone 3 he~atocvtes bv selective toxins (17) . In later studies a distinct t i cent;ilobular gradient fbr bile acid uptake was demonstrated using autoradiographic techniques (3, 4). It remains uncertain whether intrinsic differences in the capacity for bile acid uptake exist among hepatocytes in the lobule. However, it is clear that all hepatocytes are potentially capable of bile acid transport as indicated by progressive recruitment of more of the acinus, including pericentral hepatocytes, with presentation of an increased bile acid load (4, 18) . Autoradiographic localization of a bile acid tracer following retrograde perfusion of the label has shown that it is possible to actually reverse the lobular gradient to a decreasing zone 3 to zone 1 pattern (4) . These data suggest that the acinar gradient for bile acid uptake is related more to the high clearance capacity of adult hepatocytes for bile acids rather than actual heterogeneity in the capacity of zone 1 and zone 3 cells for bile acid uptake (I 9).
We were unable to demonstrate an acinar gradient for bile acid uptake suckling rat liver. All acinar zones were uniformly labeled with silver grains. The pattern was similar to that ob- , , :
The mechanisms underlying the lack of an acinar gradient for . .
ever, elevated bile acid concentrations in peripheral serum (6, 7) .. .$$; ( 10) . .
. ies showed that the V,,, for taurocholate uptake in the 14-dayold rat was only 30-40% of the adult rate. The low taurocholate of muricholate isomers, which constitute a major proportion of the serum bile acid concentration in both age groups, have not been defined but the significantly higher muricholate serum levels in developing compared with adult rats would suggest that hepatic uptake of these bile acids is also decreased during development. It is therefore unlikely that the low transport capacity for bile acids is sufficient to produce a high enough initial extraction of bile acids from sinusoidal blood to generate an acinar gradient. A recent study examining the acinar distribution of BSP uptake in adult rat liver would support this notion (20) .
Autoradiographic studies showed that [35S]-BSP was uniformly distributed in the liver acinus following either normal or retrograde infusion. The authors suggested that since the initial extraction of labeled BSP was only 35-50% of the injected dose, a steep concentration gradient for the uptake of this compound would not be expected (20) .
In addition, to a decreased number of bile acid carriers, structural features of the developing liver could also influence sinusoidal uptake. Although the surface area of the sinusoidal space portal circulation in the suckling rat may also differ from the adult. Preliminary studies, which utilized an isolated perfused suckling rat liver model, suggest that an increased volume of distribution may contribute to low rates of bile acid uptake prior to weaning (22) .
In summary, we were not able to detect an acinar gradient for bile acid uptake in suckling rat liver. We propose that the lack of such a gradient may be related to the decreased transport capacity of the developing liver for bile acids. Our observations stress once again the minimal reserve function of the immature liver for bile acid transport and bile formation which may in part explain the increased susceptibility to cholestasis during early life.
